The characteristics of reentrant circuits during short duration ventricular fibrillation (SDVF; 20 s in duration) and the role of Ca ϩϩ and rapid-activating delayed rectifier potassium currents during long duration ventricular fibrillation (LDVF; up to 10 min in duration) were investigated using verapamil and sotalol. Activation mapping of the LV epicardium with a 21 ϫ 24 electrode plaque was performed in 12 open-chest pigs. Pigs were given either verapamil (0.136 mg/kg) or sotalol (1.5 mg/kg) and verapamil. Reentry patterns were quantified for SDVF, and, for LDVF, activation patterns were compared with our previously reported control LDVF data. Verapamil significantly increased conduction velocity around the reentrant core by 10% and reduced the reentrant cycle length by 15%, with a net reduction in reentry incidence of 70%. Sotolol had an opposite effect of decreasing the conduction velocity around the core by 6% but increasing the reentrant cycle length by 13%, with a net reduction of reentry incidence of 50%.
reentry; ventricular fibrillation; verapamil WHETHER VENTRICULAR FIBRILLATION (VF) consists of multiple wandering wavelets (33) or a single stable mother rotor that generates many daughter wavelets (54) , reentry is generally agreed to be the mechanism that maintains short duration VF (SDVF). The ability of a drug to prevent, reduce, or eliminate reentrant circuits is often used to estimate its antifibrillation efficacy (52) . There are three conditions that cause an impulse to continue to travel around a pathway to cause re-entry. First, the pathway around the circuit must be sufficiently long, so that by the time the impulse returns to its original position, the tissue will no longer be refractory, thus allowing the impulse to continue around the circuit again. This effect is influenced by heart size. However, during VF, the pathway must not be too long or it will be invaded by other wavefronts. Second, the conduction velocity must be sufficiently slow, and, third, the refractory period of the muscle must be sufficiently short, so that a large enough interval of time will elapse before the impulse returns to the original activated position to allow this tissue to be out of the refractory state and permit the impulse to continue around the circuit. A drug that alters either condition 2 or 3 could decrease the likelihood that the impulse would continue around the circuit and may have an antifibrillatory effect. However, a drug that alters any of these three conditions could also increase the likelihood that the impulse could continue around the circuit and then would be expected to have a proarrhythmia effect.
Likewise, a drug that decreases the wave breaks and myocardial heterogeneity, which is a favorable condition for reentry formation and maintenance, may also be expected to prevent and/or interrupt fibrillation. It has been reported that a decrease in the slope of the action potential duration (APD) restitution curve decreases the incidence of wave breaks (27) .
Although not listed as a principal drug to treat VT or VF during clinical practice, verapamil has been effective in stopping electrical storm for some patients when other drugs failed to stop these arrhythmias (10, 29, 48) . We hypothesized that 1) verapamil achieves an antifibrillatory effect by altering one or more of those three conditions required to maintain reentry in such a way that it decreases the incidence of reentry during SDVF and that this decreased incidence of reentry caused by verapamil would be prevented by the ␤-blocker sotalol (1) . Verapamil decreases the incidence of reentry during SDVF also by flattening the slope of the restitution curve.
Both Na ϩ and Ca ϩϩ currents are active during SDVF (55) . During VF lasting more than 1 min (long duration VF, or LDVF), global ischemia would be expected to decrease the resting membrane potential (14) . If sufficiently large, this decrease in resting potential could inactivate Na ϩ channels so that Ca ϩϩ channels become more important in LDVF maintenance. We used verapamil to block the Ca ϩϩ channels to reveal whether the Ca ϩϩ channels were activated during LDVF, and, if so, the time course of this deactivation by verapamil compared with LDVF without verapamil.
METHODS
Animals were managed in accordance with the American Heart Association guidelines on research animal use (2) , and the protocol was approved by the University of Alabama at Birmingham Institutional Animal Care and Use Committee.
Animal preparation. Fourteen pigs (37 Ϯ 8 kg, means Ϯ SD) were injected intramuscularly with Telazol (4.4 mg/kg), xylazine (2.2 mg/kg), and atropine (0.04 mg/kg) for anesthesia induction. Anesthesia was maintained with isoflurane in 100% oxygen by inhalation. Core body temperature, arterial blood pressure, arterial blood gases, and serum electrolytes were monitored and maintained within normal ranges throughout the study. ECG Lead II was continuously moni-tored. The heart was exposed through a median sternotomy and supported in a pericardial sling. Although intramural mapping can provide more accurate data during VF, it requires more aggressive and time consuming techniques with multiple plunge needle electrode insertions (30) . The reentry incidence calculated from intramural (30) and epicardial (4) mapping techniques are comparable and parallel during the early stage of VF. Thus we applied epidcardial mapping techniques in this study. A plaque containing 504 electrodes (24 ϫ 21) with 2-mm spacing between each electrode was sutured to the posterior lateral LV, with one edge of the plaque adjacent to the posterior descending artery. A stainless steel wire was attached to the left leg as the return electrode for the unipolar mapping electrodes. The mapping electrodes were made from Teflon-coated silver wires with a diameter of 0.013 inches. The diameter of the tip of each mapping electrode was ϳ0.2 mm. A catheter (SPRINT 6942-65 cm; Medtronic, Minneapolis, MN) containing a 5-cm-long RV coil (479 mm 2 surface area) and a 8-cm-long SVC coil (766 mm 2 surface area) defibrillation electrode was inserted into the right jugular vein. One electrode was in the right ventricular apex, and the other was near the junction of the superior vena cava and the right atrium. To pace the heart, a pair of barbed silver wire electrodes, insulated except at the tips, was inserted into the LV epicardium via 21G needles. The electrodes were 0.2-0.5 cm away from the edge of the mapping plaque. After LDVF was recorded for 10 min, the heart was continuously monitored until all electrical activity ceased and the animal was declared dead. The animals were divided into two groups. Group 1 (n ϭ 8) was given verapamil, and Group 2 (n ϭ 6) was given sotalol and verapamil combined.
Pacing protocol. The restitution relationship was determined during pacing. Pacing stimuli were delivered at twice diastolic threshold to the pacing wires described above. Trains of 30 S1 stimuli were repeated at the intervals described below. Depending on the intrinsic heart rate, the pacing cycle length (PCL) was initially 450 or 400 ms and was decreased to 300 ms by 50 ms steps. The PCL was decreased by 10-ms steps after 300 ms to an interval that induced VF or lost 1:1 capture, which was defined as the target interval. To capture during shorter PCLs, the S1-S1 interval was initially 300 ms and then decreased in 10-ms steps to the target interval, and thereafter was kept at the target interval for 30 beats.
VF induction and rescue defibrillation. We have previously shown that there are no significant differences in VF parameters among multiple short VF episodes (22) . Four VF episodes (2 before and 2 after verapamil administration) were induced by a 9 V battery applied briefly to the right ventricle. The first three VF episodes were recorded for 20 s as a SDVF episode before it was halted by a 400 -600 V biphasic shock (6/4 ms) delivered from a defibrillator (Ventritex HVSO2; St. Jude Medical) via the catheter electrodes. The last VF episode was allowed to continue for at least 10 min (LDVF), and the animal was not resuscitated. We compared the LDVF data with our previously published LDVF data (control group) in which no drug was given in six animals (4) . The first 20 s VF data during this LDVF episode served as the fourth SDVF episode.
Verapamil administration (Group 1). After the baseline pacing protocol and the induction of two episodes of 20 s of SDVF, verapamil at 0.136 mg/kg body wt was injected intravenously over 5 min. The pacing protocol, another two VF episodes (a SDVF and a LDVF), was repeated beginning 5 min postinjection.
Sotalol and verapamil administration (Group 2). After two baseline episodes of VF, sotalol was infused intravenously at a dose of 1.5 mg/kg to achieve class III anti-arrhythmic action. Two more episodes of VF induction were repeated. After the sotalol measurements, a dose of verapamil at 0.136 mg/kg was injected over 5 min and all the same measurements, except for restitution, were repeated at 15 min postinjection.
Activation recovery interval measurements. The activation recovery interval (ARI) was determined as an estimate of the APD (18) and, hence, the refractory period. A 15-point quadratic differentiating filter was applied to determine the first derivatives of the extracellular potentials and to minimize interference from noise. Activation time in the unipolar electrograms was defined as the steepest downslope of the QRS complex and recovery time as the fastest upslope of the T wave (6, 18, 37) . The ARI was defined as the interval between the activation time and the recovery time. Less than 5% of unipolar recordings were discarded from analysis because of electrograms in which the fastest upslope of the T wave was ambiguous.
Restitution properties. An exponential function, ARI ϭ a ϩ b ϫ e ϪDI/c , was used to fit a restitution curve for each mapping electrode (3, 38, 51) . DI (diastolic interval) is the difference between the pacing cycle length (PCL) and the last ARI, and a, b, and c are model parameters that are fit by a least-square procedure, which halted when the difference in calculated ARI between the last two iterations converged to Ͻ10 Ϫ8 . The restitution curves were calculated based on the measurement of ARI from the unipolar electrogram. The T waves on some electrograms were indistinct, which made the ARI measurement difficult on those recordings; hence only those restitution curves for which the square of the correlation coefficient (R 2 ) was Ͼ0.8 were included in the analysis. Restitution slopes were calculated as the first derivatives of the exponential function at each DI, and the maximum slope was identified.
Quantitative analysis of VF activation. We applied quantitative wavefront isolation methods to compute five reentry parameters for each 5-s interval and five other quantitative VF parameters for each 1-s interval of VF during each of the four SDVF episodes and one LDVF episode. Quantitative analysis of VF activation patterns was performed on a Linux system computer using algorithms discussed in detail elsewhere (43, 44, 45) . We defined the effects of verapamil on five reentry parameters as 1) incidence of reentry, the fraction of components (46) that were reentrant; 2) reentrant core size (the region enclosed by the reentrant path, which is excitable but not excited by the wave) (43); 3) reentrant core perimeter; 4) the cycle length of reentry, the time it takes the reentrant wavefront to travel around the core (43); and 5) reentrant speed, the reentrant core perimeter divided by the reentrant cycle length.
The five quantitative VF parameters were as follows: 1) number of wavefronts; 2) wavefront fractionation incidence; 3) wavefront multiplicity; 4) activation rate; and 5) wavefront conduction velocity.
A previous study demonstrated that the effective refractory period determined with the extrastimulus method at a basic cycle length of 300 ms correlated well with mean VF cycle length measured at the same sites (35, 36) . Our (21) and other (36) studies did not show a diastolic interval between successive action potentials during early VF. Thus the mean VF activation cycle length from 504 electrodes was used as an index of effective refractory period during early VF. VF activation cycle length was defined as the reciprocal of the activation rate and was determined for each animal.
Statistical analysis. Results are expressed as means Ϯ SD. The mean of the nonreentry SDVF variables for the two SDVF episodes before verapamil administration for all 1-s segments were compared with the mean of these same two SDVF episodes after verapamil administration using ANOVA with repeated measures. The mean of the reentry SDVF variable for the two SDVF episodes before verapamil for all 5-s segments were compared with the mean of these same two SDVF episodes after verapamil (ANOVA). Dispersion of refractoriness was quantified using the standard deviation (SD) of the ARIs and the coefficient of variation (the SD divided by the mean ARI, in percentage) across all of the plaque electrodes. The number of wavefronts, propagation velocity, and activation rate of the LDVF in 1-s segments between control data from a previous study (4) and the verapamil group were compared with Student's t-test before and after 200 s, where parameters of the two groups crossed each other. A value of P Ͻ 0.05 was considered statistically significant.
RESULTS
Two animals developed hypotension during the rapid pacing phase of the restitution measurements after verapamil was given in Group 1. Thus six animals completed the entire protocol of Group 1. Verapamil significantly lowered the systolic blood pressure from 110 Ϯ 17 mmHg to 80 Ϯ 11 mmHg in these six animals (P Ͻ 0.05). Verapamil significantly increased the heart rate from 77 Ϯ 10 beats/min to 96 Ϯ 12 beats/min in these six animals (P Ͻ 0.05).
Effects of verapamil on electrical restitution properties. Of the 504 electrodes in the plaque, 368 Ϯ 82 had restitution curves that fit an exponential function with an R 2 greater than 0.8 and were therefore used for analysis. After administration of verapamil, the restitution curves were flattened with the mean maximal slope (0.84 Ϯ 0.32) significantly reduced 24% compared with baseline (1.10 Ϯ 0.15; Fig. 1) .
Dispersion of refractoriness. To estimate the dispersion of refractoriness, ARIs at each recording electrode were compared at four PCLs: 200 ms, 250 ms, 300 ms, and 350 ms (Fig. 2) . When compared with baseline, verapamil significantly decreased the ARI at each PCL ( Fig. 2A) . Although the drug significantly decreased the spatial SD of the ARIs from 12.0 ms to 7.7 ms (Fig. 2B ) and the coefficient of variation from 5.8% to 4.3% at a PCL of 350 ms (Fig. 2C) , it significantly increased the SD from 5.1 ms to 6.2 ms (Fig. 2B ) and the coefficient of variation from 3.8% to 5.2% (Fig. 2C) when the PCL was reduced to 200 ms.
Effect of verapamil on reentry. Quantitative data from six animals of all 5-s intervals for reentry parameters during the first 20 s of SDVF are pooled in Table 1 . Verapamil markedly reduced the incidence of reentry by 70% and significantly reduced the reentry cycle length by 15% compared with baseline during SDVF (Table 1) . However, it did not significantly change the core size and perimeter of the reentrant circuits. In the examples shown in Figs. 3 and 4 , there was a complete reentrant circuit at baseline (Fig. 3A) and an incomplete circuit after verapamil (Fig. 4A) . The core area of the reentrant circuit was 40 mm 2 in Fig. 3A and 44 mm 2 in Fig. 4A . The cycle length for the wavefront to complete the circuit was 105 ms in Fig. 3A . The time for the wavefront to propagate back to near the previously excited area was 70 ms in Fig. 4A . The previously excited area may still have been in its refractory period so that the wavefront could not pass through this area and was blocked. The amplitude of the unipolar recordings within the cores (I in Figs. 3B and 4B) was markedly decreased when reentry was present, less decreased near the perimeter of the core (II in Figs. 3B and 4B) , and normal at a distance from the core (III in Figs. 3B and 4B) .
Quantitative analysis of SDVF activation patterns. Quantitative data from six animals of all 1-s intervals for other VF parameters during the first 20 s of SDVF are pooled in Table 2 .
Although verapamil did not significantly increase the number of wavefronts during the first 20 s of SDVF, it significantly reduced the incidence of wavefront fractionation by 14% (Table 2) .
When compared with baseline, verapamil significantly increased multiplicity by 35%. Verapamil significantly increased the SDVF activation rate by 4% compared with baseline (Table  2 ). For example, in Fig. 4 the mean SDVF cycle length before verapamil was 109 ms (Fig. 4B ) and 100 ms after verapamil (Fig. 4D) . When compared with baseline, verapamil significantly increased conduction velocity by 11%.
Evolution of activation patterns by verapamil in LDVF.
When compared with the control data, the number of wavefronts, the epicardial conduction velocity, and the activation rate were all significantly increased for the first 200 s of VF in the verapamil group (Fig. 5) . From 200 s to the end of analysis at 10 min of LDVF, all three of these variables were significantly decreased after verapamil compared with the control animals.
Effect of sotalol and verapamil on reentry. In Group 2, sotalol significantly reduced the incidence of reentry by 50%. Values are means Ϯ SD. VF, ventricular fibrillation. Each color indicates an individual wavefront, except for red, which indicates all wavefronts that form a reentrant circuit, and white, which indicates the core of the reentrant circuit. Recordings from sites I, II, and III are shown in B, with I within the reentry core, II at the periphery of the core, and III at a site distant from the core. In all 3 cases, the top tracing is the unipolar recording and the bottom tracing is its temporal derivative. See the article for additional explanation.
Although verapamil reduced the incidence of reentry in Group 1 by 70%, adding verapamil to sotalol did not further alter reentry incidence compared with sotalol alone (Table 3) . Adding verapamil to sotalol did not significantly affect reentrant core size, perimeter, cycle length, or speed (Table 3) .
DISCUSSION
Our data indicate the following: 1) verapamil markedly decreased the incidence of reentry during SDVF; 2) verapamil increased conduction velocity without changing reentrant core size and perimeter during SDVF; and 3) verapamil significantly reduced the number of wavefronts, slowed the activation rate, and decreased the conduction velocity after 200 s of LDVF, suggesting that although Na ϩ channels are active during the early stages of VF, their activity decreases after 200 s of VF, so that Ca ϩϩ channels become important for the maintenance of LDVF; and 4) the effects of solalol and verapamil combined are not additive. The effects of verapamil on reentry during SDVF. As a Class IV antiarrhythmic drug, verapamil is mainly used clinically to treat supraventricular arrhythmias. The principal electrophysiologic effect of verapamil is inhibition of the slow inward calcium current. Verapamil stops supraventricular tachycardia by prolonging the activation propagation time and tissue refractoriness in the sinus and AV nodes, where the slow inward calcium current dominates conduction activity (7, 31) . However, the ability of verapamil to convert VF to VT is not based on the same mechanism because verapamil does not change conduction velocity and refractoriness during slow and rapid heart rates in isolated atria and ventricles (11).
In pigs, we found that verapamil decreased the ARI during pacing consistent with a decrease in the refractory period. We also found that verapamil increased the SDVF activation rate by 4%, suggesting a decreased refractory period also during SDVF in the in vivo swine heart. The shortening of refractoriness would allow earlier restimulation of cardiac tissue, which would be expected to increase the incidence of reentry and, hence, increase the likelihood that VF would be sustained.
However, verapamil also increased wavefront conduction velocity by 11%, to a greater extent than the 4% shortening of refractoriness during SDVF. So the net action of the effect of verapamil was to increase the wavelength, making reentry less likely.
Verapamil may have affected conduction velocity in two ways. First, verapamil prevented slowing of conduction velocity caused by hypoxia (13) . During VF, the myocardial cells rapidly become hypoxic due to ischemia. The APD shortens (6) progressively and conduction velocity decreases appreciably (53) . However, verapamil has been shown to have a protective effect against conduction delays in hypoxic conditions (13) . Second, sympathetic tone may have been affected by verapamil. The hemodynamic changes in pigs due to verapamil are more pronounced than in humans and some other species (28) . After verapamil infusion, the systolic pressure drops significantly in pigs, which causes sympathetic activation including norepinephrine release from sympathetic nerve endings to the heart (24). The shortened ARIs at all pacing rates after verapamil and the increased heart rate might have been caused by increased sympathetic activation (32) . If increased norepinephrine (25) with verapamil was still present during the first 20 s of SDVF before the effect of the hypotension caused by VF had fully occurred, then it may have also been responsible for the increased conduction velocity and the decreased incidence of reentry during SDVF in pigs. The finding that verapamil did not further decrease the incidence of reentry when the ␤-blocker sotalol had previously been given supports this possibility.
Effect of verapamil on restitution properties. Although the kinetics of electrical restitution are not the only determining factor of VF initiation and maintenance, especially measured during rapid pacing (5, 12, 21) , many studies have shown that verapamil prevents VF initiation and converts VF to VT by flattening the restitution curve (15, 41, 47) . It is believed that a restitution curve with slope Ͼ1 amplifies APD alternans, which may lead to wavebreak, whereas a slope Ͻ1 dampens alternans and decreases the incidence of reentry. In addition, verapamil decreases ARI during both pacing and VF, because increased ARI (APD) can prevent wave breaks and might therefore convert VF to VT by eliminating fibrillatory wave breaks (47) . The reduction of the fractionation incidence and the increase of multiplicity by verapamil in our study supports this possibility.
Rate dependence of verapamil on dispersion of refractoriness. Rate dependent effects of verapamil have been documented previously in experimental and clinical studies on atrioventricular nodal conduction (9, 49) and atrial refractoriness (17), but not on the dispersion of ventricular refractoriness and VF activation patterns. Verapamil blocks both inward calcium currents and the rapid component of the delayed rectifier potassium current (I kr ) (8) . Although an I kr blocker could reduce the dispersion of refractoriness (39) , verapamil also has reverse use-dependent actions, which reduce the efficacy of the I kr block at a rapid activation rate (34, 50) . Moreover, blockade of calcium currents by verapamil could be enhanced at rapid heart rates (8) and increase the dispersion of refractoriness (40) . This mechanism could explain why verapamil reduced the dispersion of refractoriness at a PCL of 350 ms yet increased the dispersion of refractoriness at a PCL of 200 ms (Figs. 2 and 3) .
Alteration of LDVF activation patterns by verapamil. The membrane potential immediately before activation (the takeoff potential) is an important determinant of Na ϩ channel opening (23) . The takeoff potential does not return to Ϫ85 mV during VF because of the rapid activation rate during early stage VF and because of severe ischemia during late stage VF (27) . During early VF, the Na ϩ channels were still active (55) because the takeoff potential was still lower than the threshold needed to activate Na ϩ channels. As VF continued, global ischemia became increasingly severe and the takeoff potential became elevated to a level close to or above the Na ϩ channels activation threshold and Na ϩ channels were inactivated. Thus LDVF activation should be maintained by slow action potentials dominated by Ca ϩϩ currents (1). However, it is not clear when the excitable cardiac cells convert from fast Na ϩ channel to slow Ca ϩϩ channel as VF progresses. The myocardium activated at a much slower rate and wavefronts propagated more slowly after 200 s of VF induction in the verapamil group compared with the control group (Fig. 5) . The results suggest that calcium currents play a larger role in LDVF than in SDVF.
Clinical relevance. Although we did not provide direct evidence that verapamil could prevent VF initiation or terminate VF in this study, we found that verapamil decreased the number of wavefronts, propagation velocity, and activation rate during LDVF. Those changes alter VF activation toward more organized patterns, which might allow a lower defibrillation threshold to terminate VF or might reduce the incidence of refibrillation after the shock. More studies are needed to confirm these hypotheses. Because of its negative hemodynamic and inotropic effects, verapamil is not a preferred drug to treat ventricular arrhythmias, especially in heart failure patients. However, in hemodynamically normal patients with recurrent VF, when other antiarrhythmic drugs fail to stop malignant ventricular arrhythmias, verapamil might be worth consideration and used with caution to treat the arrhythmia or manipulate the reentrant circuits so they could be more easy terminated by other antiarrhythmic drugs. However, this study also indicates that there may be no additional benefit to using verapamil in combination with the I Kr blocker sotalol.
Study limitations. One limitation of our study is that we only observed the effects of low-dose verapamil on VF. The effect of verapamil on the level of L-type Caϩϩ block achieved in vivo is dose responsive (16) . Because the hemodynamic re-sponse of pigs is very sensitive to verapamil, we could not investigate the effects of verapamil at higher doses. The antifibrillatory effect of verapamil might be more significant at a higher dose of verapamil. Another limitation is that refractoriness was estimated from the activation rate during SDVF and the conduction velocity was only estimated during SDVF and LDVF using our previously reported methods (19) . A constant pacing and S1-S2 protocol might provide additional information for evaluation of the efficacy of verapamil. As we have reported, short diastolic intervals are present during early VF (21) . However, in that study we measured the diastolic interval based on the APD at 60% repolarization. The real diastolic interval may be smaller or even close to nonexistent if we measured diastolic intervals from APD at 90% repolarization.
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